Ca2+-treated Escherichia coli cells with plasmid DNA and on cell viability was investigated. In contrast to intact cells, Ca2+-treated E. coli cells were permeable to nigericin, valinomycin, and the other drugs tested. The inhibitors differentially affected [14C]proline active transport, and whereas some drugs inhibited transformation, the effects did not correlate with the effects on transport. The most potent inhibitors of transformation were nigericin, dicyclocarbodiimide, and tetraphenylboron sodium. Carbonylcyanid-m-chlorophenylhydrazone, tetraphenylphosphonium bromide, and valinomycin were relatively inactive. Tetraphenylboron sodium-and nigericin-treated cells bound more plasmid [14C]DNA in the deoxyribonuclease-resistant form than the control and other sample cells. Nevertheless, the penetration of exogenous plasmid DNA into the cell was greatly reduced, at least in case of nigericin. Unlike the other drugs, nigericin and dicyclocarbodiimide drastically affected the cell viability, the former within very short times of interaction. It is concluded that proton motive force does not play any significant role in DNA entry into Ca2+-treated E. coli cells. The results also suggest that adenosine 5'-triphosphate is not required for DNA entry either. The inhibitory effect of certain drugs is discussed in terms of structural perturbations induced by the drugs in cell envelope membranes.
Genetic transfer between bacteria by way of naked nucleic acids has now become a powerful and promising tool for molecular genetics and genetic engineering. Regardless ofits widespread application and the evident success in studying the phenomenon per se, we are still far from fully understanding the molecular mechanisms of DNA uptake and its transport through cell envelope membranes (16) .
Although there is no doubt that energy is required for DNA entry into cells ofhighly transformnable species (e.g., Bacillus, Haemophilus, Pneumococcus, etc.), there is some uncertainty regarding the form ofits utilization. Is it required in the form of ATP or some other high-energy molecule for partial digestion and unwinding of entering DNA (16) or in the forn of a electrochemical transmnembrane gradient of H+, thus providing the driving force for DNA entry (8) ; or is it needed to maintain an energized membrane conformation, which might be the only one favorable for DNA uptake; or is it required for hypothetical covalent binding of entering DNA to some membrane component (phospholipid or protein)? These questions have yet to be answered.
In contrast to highly transformable systems, the binding and entry of exogenous DNA into Ca2"-treated Escherichia coli cells seem to be insensitive to metabolic inhibitors such as dinitrophenol, potassium cyanide (36) , and carbonylcyanid-m-chlorophenylhydrazone (CCCP) (28, 30) . On the other hand, the process is sensitive to inhibitory concentrations of arsenate (36) . Furthermore, as we have found recently (28) Transforming DNA. DNA of the small E. coli plasmid pALR2 (molecular mass, 5.2 megadaltons), bearing the penicillin resistance marker, was used as the transforming DNA (28) . The plasmid was transferred to E. coli GA87 by transformation (28), propagated there, and isolated by cesium chloride-ethidium bromide density gradient centrifugation by the method of Clewell and Helinski (3).
To obtain "C-labeled transforming DNA, the host cells were made Thy-with trimethoprim [2,4- 
RESULTS
The evidence obtained previously with dinitrophenol (36) and CCCP (28, 30) seems to suggest that proton motive force (20) (23) . These observations may serve as an additional indication of nonspecific Ca2+-induced permerability changes of the cell envelope (32) .
The results obtained suggest that in Ca2+-treated E. coli cells the system of active transport, mediated by 4iH+, is at least partially active. Furthernore, the inhibitory effect of DCCD and arsenate suggests that ATP is involved in the generation of AjH+ in Ca2+-treated E. coli cells. Thssosptbot faeen reported by varsomewhat reduced level of ATP in these cells (data not shown).
Effect of uncouplers and ionophores on transformation. It has been reported by various investigators that "heat shock" at 30 to 420C, after incubation at 00C, is required for the entry of exogenous DNA that is as large as X DNA into Ca2+-treated E. coli cells (4, 5, 17) , whereas for small DNA, such as OA DNA or X dV, incubation at 00C is sufficient (10, 36) . Although pALR2 DNA is six times smaller than A DNA, incubation at 370C is required for its entry into Ca2+-treated cells (Table 1) . Rapid 10-fold dilution of the cell-DNA mixture after a 15-min incubation at 00C with L-broth, followed by sedimentation of the cells, greatly reduced (about 2 orders of magnitude) the number of transformants. However, the effect was not observed when the cells were washed with 0.05 M CaCl2 instead of L-broth. Thus, it is likely that Ca2+ "holds" DNA at the cell surface in "proper" penetration sites.
In spite of the temperature dependence of pALR2 DNA transformation, we failed to observe any specific inhibition of transformation by the tested drugs under conditions similar to those of the active transport assays (Fig. 1) .
The most severe effect was observed with nigericin (Table 1 (4, 5, 17) and the results of Table 1 enables one to envisage that during 00C incubation of the cells with transforming DNA, pALR2 DNA finds the "proper" sites for subsequent penetration. However, the penetration itself proceeds at 370C and with a short period of time (second incubation). In the case of transformation with plasmid DNA, additional incubation of the cell-DNA mixture at 37°C is required for plasmid DNA expression. Therefore, the outline of the analysis of the nigericin effect was based on this scheme for the transformation process ( Table 2 ). The ionophore was the most effective when added to the cells before the exogenous DNA. It was similarly active when added to the cells after their incubation with DNA at 00C. This is another indication that pALR2 DNA does not enter the cell at 00C. When the cell-DNA mixture was washed free from the drug immediately after the second incubation (at 370C), the transfornation frequency dropped slightly compared to that of the sample, which was washed after the final incubation at 370C (plasmid DNA "expression time"). This result indicates that the penetration of the transforming DNA still proceeded during the expression time in the presence of the drug; i.e., the entry process was prolonged. The drug almost failed to prevent transformation when added just before plating. On the other hand, a second introduction of the drug before plating of the cell-DNA mixture, already washed free from the drug, had practically no effect on transformation. These results seem to suggest that the drug does not interfere with intracellular events of plasmid DNA functioning, but rather that it hampers DNA entry into the cell.
Effect of drugs on cell viability. We observed ( Table 1) that some of the drugs drastically reduced cell viability. Nigericin and DCCD were the most potent (Fig. 2) , whereas TPP+ and TPB-were the most inert (Fig. 2) . It is likely that the lethal effect, at least in case of nigericin, was not due to prolonged incubation Effect of arsenate and NaF on transformation. It is conceivable that in the presence of arsenate, the intracellular levels of ATP and other high-energy compounds rapidly decrease (12) . Concomitantly, the inhibition of active transport of certain compounds which utilize the energy of ATP hydrolysis is also observed (2) . Preincubation of the recipient cells with arsenate or NaF, an inhibitor of glycolytic synthesis of ATP, considerably reduced the number of transformants as well as the frequency of transfornation provided that celLs were incubated with the drug for not less than an hour (Table  3) ; 15-to 30-min incubation had almost no effect. A fourfold increase in the number of transformants was observed when the cell-DNA mixture was washed before being plated. This is in sharp contrast to the results of the experiments with uncoupling reagents. This enhancement is likely to result from an increase in cell viability when bWhen the final dilution of the cell-DNA suspension (10o)
before plating (to measure the cell viability) contained the same drug concentration as the undiluted (initial) mixture, the relative cell viability decreased to about 20%. Thus, the transformation frequency in unwashed samples was actually higher, ca. 36% of the control.
arsenate is removed (footnote b of Table 3 ). Washing had no effect on NaF-treated samples, which is as expected, since the cells normally plated on petri dishes derive their energy from respiration but not from glycolysis. These results suggest that ATP is required not for the DNA entry into the cell but, rather, for other steps in the transformation process.
["4CJDNA binding and uptake. (6) . Therefore, in the degradation analyses, overnight recipients were used. In AB1157 cells under our assay conditions, DNA degradation was completed, presumably, within the first 15 min of incubation at 370C. However, in GA87 cells, which are exonuclease V deficient, nearly the same amount of acid-soluble DNA appeared after a longer period (about 45 min) of incubation at 370C. The amount of DNA which has entered, detected by this technique, is likely to be underestimated, since evidently not all of the penetrated DNA is degraded to acid-soluble fragments.
[14C]DNA binding in the presence of various drugs. Although there was considerable difference in the number of transformants between the control and sample cells (Table 1) , we did not observe significant differences in DNA binding by the cells in the presence of DCCD, CCCP (Table 5) , arsenate, pentachlorphenol, valinomycin, and NH4Cl (data not shown). In contrast, nigericin-and TPB--treated samples exhibited somewhat increased abilities to retain DNA after being washed and treated with DNase (Table 5 ). However, these excess amounts of DNA were released from the cells when the latter were converted to spheroplasts. It seems that in nigericin-and TPB--treated samples either more DNA passes through the outer membrane into the periplasm or DNA is more tightly (differently?) bound to the exterior of the outer membrane and is less accessible to exogenous DNase. The main portion ofthe DNA bound to spheroplasts in the case of the nigericin-treated cells seems to be extraceilular, since we did not observe a marked accumulation of acid-soluble radioactivity with time in AB1157 cells. The possibility that the drug protected DNA from degradation seems unlikely.
DISCUSSION
Transfection and transformation in the Ca2" system are strongly dependent on pH, maximal yields of infective centers or transformants being observed at neutral pH (21, 36) . At this extermal pH, the ApH component of AH+ is eliminated (33) , and the latter is represented solely by A+. However, neither TPP+, which readily dissipates A+, nor valinomycin had any effect on transformation. Moreover, nigericin, TPB-, and DCCD, which share no common features in their mode of action on proton motive force, severely inhibited the transformation process. These results and the lack of the differential effects of other drugs and uncouplers on transformation, in contrast to their "proper" inhibitory effects on proline transport activity, strongly suggest that proton motive force does not play any significant role in DNA uptake by Ca`+-treated E.
coli cells. This conclusion seems to be in contradiction to the recent findings of Hancock and Braun (9) subtilis genetic transformation (8) . However, in the latter case, the successful interaction (absorption and penetration) of donor DNA with B. subtilis celLs solely depends on whether the cells are competent. The development of competence is controlled in some way by competence factors, conceivably basic proteins, which bind to noncompetent cell. On the other hand, it has been shown that uncouplers considerably reduce the interaction of basic proteins (22) and polybasic macromolecules (7) with plasma membranes.
Furthermore, dinitrophenol was inhibitory even when the former were already adsorbed by the celLs (7) . Hence, the energized state of the cellular membrane in B. subtilis might be required not for DNA entry but, rather, for "proper" Table 4 . bIn this case, no kinetics in DNA degradation experiments was observed.
binding of the competence factors, thus enabling the cells to take up donor DNA. Different energy requirements for DNA entry into E. coli during phage infection (9, 15) , transfection (30, 36) , and transformation (this paper and reference 28) may reflect the differences between intact E. coli cells and those subjected to competence-inducing treatment with Ca2+ at 00C or at 37°C in the presence of CCCP (28) . It is noteworthy that transfection of protaminetreated spheroplasts with A and T4 DNAs was also completely insensitive to inhibitory concentrations of potassium cyanide or even greatly increased (in rec+ and recA cells) in its presence (38) . The interaction of Ca2`and protamine with E. coli cell membranes in the course of competence induction results in considerable structural changes of the latter as evidenced by the fluorescent probe technique (29, 31) . These changes, in the case of Ca2 , seem to be unique, since neither Mg2+, Tris at 00C, nor EDTA can induce a similar effect (29) . The possible mechanisms of Ca2+-induced competence in terms of its interaction with protein-lipid and the lipopolysaccharide moiety of the E. coli cell envelope are discussed elsewhere (28, 36) . Charged substances, especially cations and polycations, by influencing the surface potential (18, 24, 33) , may cause complete or partial deenergization of the cellular membrane. On the other hand, evidence suggesting considerable structural differences between energized and deenergized membranes is accumulating (14) . The reduced rate of active transport activity in E. coli treated with Ca2+ is consistent with these observations. As has been shown, uncoupling reagents may also cause substantial structural changes in biomembranes (1, 11, 39) . In view of these findings, it is reasonable to suggest that certain metabolic drugs may structurally interfere with Ca2+ action (Table 5) . It is further supported by the lack of accumulation of acid-soluble radioactivity in nigericin-treated AB1157 cells. Furthermore, the latter observation, together with the results of the spheroplast assays (Table 5 ) and transformation ( Table 2 ), suggests that the DNA entry, at least in the presence of nigericin, is limited at the plasma membrane level. On the contrary, in the presence of another membranotropic uncoupler, CCCP, which presumably does not interfere with Ca2' action, the cells not only retain or even facilitate their permeability at 00C, but also become permeable to DNA and some DNAbinding antibiotics at 370C (28) . As has been suggested, the stimulating effect of CCCP at 370C is due to the switching off of Ca2' efflux pumps, which facilitates interaction of the cations with the envelope membranes at this temperature (28) . The observed enhancement of the transformation frequency in unwashed cells (Table 1) is consistent with this suggestion. Furthermore, two other drugs, pentachlorphenol and TPP+, which may also affect Ca2' efflux pumps by influencing AI&H+, also seem to be stimulating (Table 1) . This may indirectly point to the absence of interference between the action of these drugs and calcium. 146, 1981 Thus, the data presented above strongly suggest that DNA entry into the Ca2 system is energy independent. This is not invalid thermodynamically. DNA molecules may enter the cell by heat (Brownian) motion. Furthermore, if the entering molecules are bound by/to some intracellular component, motion into the cell must be facilitated. The number of entering molecules is determined by the number of suitable pores (or canals) with affinity for DNA, which can be formed during the competence induction at 00C (or at 370C in the presence of CCCP [28] 
